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Concentrations and Uncertainties of Stratospheric Trace Species
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Monthly, zonally averaged limb infrared monitor of the stratosphere data from the Nimbus 7 satellite
are used with an essentially algebraic photochemical equilibrium model presented in part 1 of this series
(Kaye and Jackman, this issue) to infer concentrations and uncertainties of the odd hydrogen species
OH, HO,, H,0,, and HO,NO, as a function of altitude, latitude, and season. The inferred con-
centrations for OH and H,O, are found to be reasonably consistent with some but not all previous
observations; most of the inferred HO, concentrations are below those which have been observed.
Concentrations of all inferred species at mid-latitudes are expected to maximize in the summer. Uncer-
tainties #; are found to be largest in the lower stratosphere for all species and to decrease approximately
in the order uy,q, > Uyo,n0, > Uno, > Uou OVer most of the stratosphere. In the tropics and at mid-
latitudes the variation of the uncertainties with latitude and season is substantially smaller than the

inferred variation of the concentrations.

1. INTRODUCTION

One of the major results to come from studies of strato-
spheric chemistry in recent years is the crucial role which
short-lived intermediate (transient) species, present in very
small trace amounts (< 10 ppbv), can play in controlling the
concentration of longer lived and more prevalent species, es-
pecially ozone (O;) [World Meteorological Organization
{WMO), 1982]. In particular, attention has focused on the free
radical species OH, HO,, CIO, NO, and NO,. These species
can lead to alterations, primarily reductions, in O; con-
centrations through cyclic processes [Johnston and Podolske,
1978; DeMore and Yung, 1982] in which the free radical
species catalytically converts O or O to O, by reactions
which are significantly faster than the Chapman reactions:

0+ 0,- 20,
0+0+M—->0,+M

Thus detailed knowledge of the concentrations of transient
free radicals in the stratosphere is important, especially for the
accurate assessment of possible long-term reductions in strato-
spheric ozone by the increased concentration of odd chlorine
(Cl, Cl1O, HC1, HOCI, CINO,) and odd nitrogen (NO, NO,,
HNO,;, HO,NO,, NO,, N,0;,) derived from anthropogenic
sources [ National Academy of Sciences (NAS), 1984]. At pres-
ent, however, there exist only very limited observational data
on the concentrations of stratospheric free radicals. What data
do exist are relatively sparse; for no transient species other
than NO, are there data for a variety of latitudes, seasons,
altitudes, and times of day, all of which are necessary for the
verification of multidimensional models of stratospheric chem-
istry and dynamics under development. Without the existence
of a large data base, it is also difficult to know what portion of
disagreement between observations and model predictions is
due to atmospheric variability or to either observational
errors or errors in the input and/or formulation of the models.
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For some time, it has been recognized that the daytime
concentrations of some trace species could in principle be in-
ferred from those of longer-lived or more prevalent species by
assumption of photochemical equilibrium, which is, in general,
a quite accurate one through much of the stratosphere for
many species. For example, a simple relationship between the
OH concentration and the ratio of NO, and HNO,; con-
centration has been known for some time [Evans et al., 1976;
Harries, 1978]. Harries [1982] demonstrated how one might
infer the concentration of ClO from the observed con-
centrations of several other species. In a slightly different ap-
proach, Allam et al. [1981] inferred global distributions of OH
from those of O, and H,O calculated in a stratospheric gener-
al circulation model.

The recent availability of constituent fields from satellite-
based experiments has given impetus to the attempt to infer
concentrations of transient species from those of longer-lived,
more easily observed molecules. These experiments are the
limb infrared monitor of the stratosphere (LIMS) [Gille and
Russell, 1984] and stratospheric and mesospheric sounder
(SAMS) [Rodgers et al., 1984], and solar backscattered ultra-
violet instrument (SBUV) [McPeters et al., 1984] on the
Nimbus 7 satellite, and the Solar Mesosphere Explorer (SME)
satellite [Barth et al., 1983]. The measurements include O,
[Remsberg et al., 1984a], H,O [Russell et al., 1984a; Remsberg
et al., 1984b], HNO, [Russell et al., 1983; Gille et al., 1984a]
NO,; [Russell et al., 1984b, c], and temperature [Gille et al.,
1984b] from LIMS, CH, and N,O from SAMS [Jones and
Pyle, 1984; Jones, 1984], O; from SBUV [McPeters et al.,
1984], and O, and NO, in the upper stratosphere (and meso-
sphere) from SME [Mount et al., 1983, 1984; Thomas et al.,
1984].

These data, especially the LIMS data, have been used in
attempts to infer concentration of transient species. Pyle et al.
[1983, 1984] used the LIMS daytime HNO,; and NO,
measurements to infer daytime concentrations of OH over
most of the stratosphere by the ratio method suggested earlier
[Evans et al., 1976; Harries, 1978]. This method was also
demonstrated by Gille et al. [19844] in their LIMS HNO,
validation paper. Jackman et al. [1985a] demonstrated that
this method must be applied cautiously, since if the LIMS
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data are used without correction, unphysically large or nega-
tive OH concentrations were obtained above 5 mbar. They
then showed an alternative way for inferring stratospheric OH
from LIMS data using a method in which photochemical equ-
librium for total odd hydrogen (=OH + H + HO, + HNO,
+ HO,NO, + 2H,0,) is assumed. They also used this in-
ferred OH distribution and the other LIMS measurements to
compute a revised HNO, profile which is more reasonable
than the LIMS observed profile above 5 mbar.

Most recently, we [Kaye and Jackman, this issue] (hereafter
referred to as KJ) used LIMS and SAMS data together with
an essentially algebraic model for stratospheric photochemis-
try to derive concentrations and uncertainties of a variety of
HO, and NO, species. Similarly, Pyle and coworkers [Pyle et
al, 1984; Pyle and Zavody, 1985] derived concentrations of
stratospheric OH, HO,, and H,0,, along with uncertainties
for OH (the latter were obtained by numerically varying initial
concentrations, reaction rates, and photolysis rates within
their stated uncertainties).

In this work, we extend our previous work (KJ) to calculate
monthly zonal averages of concentrations and uncertainties
for the HO, species OH, HO,, H,0,, and HO,NO,. OH and
HO, are important because they are the major odd hydrogen
free radical species in the upper and lower stratosphere, re-
spectively. They play a crucial role in the partitioning of NO,
and ClO, species among their various members and are thus
of great interest [see WMO, 1982].

H,0, is a potentially important odd hydrogen reservoir
species, although published observations indicate that it is
present in amounts not much more than (and possibly con-
siderably less than) 1 ppbv [Waters et al., 1981; Chance and
Traub, 1984]. It is expected to have a great deal of variability
[Connell et al., 1985], so knowledge of a monthly zonal
average could be important in comparing observations and
models. It has been suggested [Derwent and Eggleton, 1981]
that its measurement, combined with other species, could lead
to the ability to discriminate among various one-dimensional
models.

HO,;NO, is now thought to be an important species in
controlling odd hydrogen concentrations in the lower strato-
sphere [WMO, 1982], but the only measurement reported
[NASA, 1979] is one of Murcray and coworkers, who esti-
mate an upper limit of 0.4 ppbv. Thus knowledge of monthly
zonal averages may be of use in planning future measure-
ments.

We compare our inferred concentrations to two-
dimensional stratospheric models and, where available, remote
and in situ observations. We consider especially the mag-
nitude of the inferred monthly variability in concentration as a
function of latitude and altitude. We also examine the
monthly variability in the total uncertainties, as well as the
relative magnitude of the monthly variability and the total
uncertainty.

The outline of this paper is as follows. In section 2 we
briefly review the method of inferring the concentrations and
uncertainties of the species under study. In section 3 we pre-
sent our results, mainly in the form of figures. In section 4 we
discuss the results, including a comparison with model and
observational results. Finally, in section 5 we summarize the
results obtained and restate the conclusions of this study.

2. METHOD AND CALCULATIONS

The algebraic model used and the model input parameters
have been discussed extensively in our previous paper (KJ), so
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we will only briefly summarize them here. Daytime trace
species concentrations are inferred from the daytime LIMS
measurements of O, [Remsberg et al., 1984a], H,0 [Russell et
al., 1984b,], HNO, [Gille et al., 1984a], NO, [Russell et al.,
1984b, c], and temperature [Gille et al., 1984b], the SAMS
CH, zonal monthly averages, where available [Jones and
Pyle, 1984], and model profiles for CO, H,, and CH, (where
SAMS data were not available) derived from the Goddard
two-dimensional diabatic circulation model [Guthrie et al.,
1984b]. Chemical reaction rates and absorption cross sections
used are from the sixth Jet Propulsion Laboratory (JPL)
memorandum [DeMore et al., 1983]. Uncertainties in input
concentrations come from the appropriate validation papers,
while those of reaction rates (corresponding to one standard
deviation) and photolysis rates are from DeMore et al. [1983].
Uncertainties in model-derived profiles were arbitrarily picked
but, as explained previously (KJ), are not crucial for most of
the species considered here.

HO, species concentrations are obtained by assuming total
odd hydrogen to be in photochemical equilibrium

P(Total Odd Hydrogen) = L(Total Odd Hydrogen) (1)

where P stands for production, L staﬁds for loss, the total odd
hydrogen is given approximately by the relationship

Total Odd Hydrogen = [OH] + [H] + [HO,]
+ [HNO;] + [HO,NO,]
+ 2[H,0,] + [CH,0] + [CH,0,]
+ [CH,] + [HCO] )

The terms in (1) are given in equation (13) of our earlier work
(KJ). The most important terms in the odd hydrogen pro-
duction is the production of OH by reaction of O('D) (pro-
duced by photolysis of O,) with H,O:

O('D) + H,0— 20H 3)

In the lower stratosphere, hydrocarbon oxidation and loss
terms are also important, primarily by

O('D) + CH,— OH + CH, “)
CH,O + hv— H + HCO ©)

Other terms (i.e., H,O photolysis, reaction of O('D) with H,,
etc.) are fairly small.

0Odd hydrogen loss is, to a very good approximation, due to
three reactions:

OH + HO,— H,0 + O, ©)
OH + HNO,— H,0 + NO, W)
OH + HO,NO,— H,0 + NO, + O, ®)

The concentrations of HO,, HO,NO,, and CH,O are ob-
tained with the assumption of photochemical equilibrium. The
major processes involved in OH-HO, interconversion are

OH + 0,— HO, + O, ©)

HO, + NO— OH + NO, (10)
HO, + O,— OH + 20, (1)
HO, + O— OH + O, (12)

If the lower stratosphere one must also consider the reaction

CO +OH-> CO, + H (13)
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followed by the reaction

H+0O,+M—- HO,+M (14)
while in the upper stratosphere one must include
O+0OH—-O,+H (15)
which is followed either by reaction (14) or by
H+0;—- OH+O, (16)

HO,NO, is calculated assuming that only the following
processes are involved in its production and destruction:

HO, + NO, + M— HO,NO, + M (17)
HO,NO, + hv— HO, + NO, (18a)
HO,NO, + hv— OH + NO, (18b)

and equation (8):
OH + HO,NO,— H,0 + NO, + O,

For reactions involving CH,0, which will not be explicitly
considered here, the reader is referred to our earlier paper
(KJ). As discussed in the earlier work, the coupled photo-
chemical equations may not be solved analytically, but are,’
instead, iterated to achieve a solution.

One major assumption in our photochemical model is the
neglect of odd chlorine (Cl,) species. The reason for and validi-
ty of this neglect has been discussed in great detail in our
previous paper (KJ), and we only briefly summarize here our
reasons for expecting this assumption to be valid. Cl, is only
expected to have an effect on the patitioning of odd hydrogen
compounds (especially, OH and HO,) and not on the total
amount of odd hydrogen. This occurs because the odd hy-
drogen production reactions (3)5) are much faster than the
Cl,-induced odd hydrogen production reaction

Cl + CH,— HCl + CH,

while the odd hydrogen destruction reactions (6)(8) are also
much faster than the corresponding Cl.-induced one

OH + HCl—- H,0 + Cl

We showed previously (KJ) that at mid-latitudes each of these
made up less than 10% of the corresponding total rate and
the combined contribution should be smaller.

Cl, could affect the partitioning of OH and HO, mainly by
affecting the partitioning of odd nitrogen between NO and
NO, because of the important role of NO in HO, to OH
interconversion (reaction (10)). Neglect of ClO could lead to
an overestimate of the correct NO concentration by an
amount up to 25% at 40 km at mid-latitudes. However, at
such high altitudes, HO,-OH interconversion is dominated by
reaction with atomic oxygen (reaction (12)), so that this over-
estimate of NO should contribute no more than 10% to the
HO, and OH concentrations. Lower in the stratosphere,
where reaction (10) dominates HO,-OH interconversion, C1O
is small, and the error in the NO concentration is smaller, so
that the net error in the OH and HO, concentrations is also
small.

Total uncertainties are calculated using the estimated model
input uncertainties f; and the sensitivity coefficients §,;

§;;=01n[M;]/2 In P; (19)
where [M,] is the inferred concentration of species i and P; is
some model input parameter (concentration, reaction rate,
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photolysis rate). Each §;; is obtained by solving directly (or
iterating) the partial derivative of the appropriate equation in
the algebraic model. Individual parameter uncertainties, the
sources of which have been described above and which have
been presented in detail in our earlier work (KJ) and the
corresponding sensitivity coefficients are used to calculate the
total uncertainty u; in parameter i by

w; = exp [X (S;; In f)#]"7? (20)
J

Equation (20) has been used for atmospheric chemistry in a
somewhat different sense by previous workers [NAS, 1976;
Butler, 1978, 1979; Stolarski, 1980].

Photolysis rates were calculated using the radiation package
of the Goddard two-dimensional model [ Guthrie et al., 1984a]
modified to include the effects of multiple scattering [Jackman
et al., 1985a, b] assuming a local time of noon. Since the
LIMS satellite did not obtain data at precisely noon local time
(deviations are of the order of 1 hour in the tropics and mid-
latitudes and become larger near the limits of the data field at
64°S and 84°N), one should treat the results closest to the
poles with some care. At these latitudes the photochemical
equilibrium approximation will begin to break down for many
species, altitudes, and seasons, and it was thus felt that many
of the high-latitude results would be at most qualitatively cor-
rect, anyway. This effect should be most severe south of 50°S
in southern hemisphere fall and spring, where one is fairly
close to the terminator, and a few hours change in local time
can cause conditions to change from maximum daylight to
total darkness. In the northern polar region, where deviations
from noon in local time of the satellite measurements are
smaller, this constraint is somewhat less severe, although it
should still be considered in interpreting our results.

Monthly, zonal averages of daytime LIMS data (solar
zenith angle <90°) were obtained from the LIMS profile tapes
from the National Space Sciences Data Center (NSSDC) at
the Goddard Space Flight Center. Quantities were zonally
averaged and binned according to the two-dimensional grid
used by Guthrie et al. [1984a, b] in their diabatic circulation
model.

3. RESULTs

The results of this study consist of concentrations and un-
certainties of OH, HO,, H,0,, and HO,NO, as a function of
latitude and altitude for each of the seven months (November—
May) for which LIMS data are available. With the two-
dimensional grid we used, this corresponds to some 7500 dif-
ferent concentrations and an equal number of uncertainties.
Sensitivity coefficients of the output species with respect to all
the model input parameters were also calculated, which would
lead to a factor of 10 more data. Because of this large amount
of data we will consider here only a limited subset of the
concentration and uncertainty data and will consider the sen-
sitivity coefficients only briefly in the discussion section. We
will focus our attention on the magnitude of the various quan-
tities and their variation with latitude, altitude, and season,
paying special attention to the 35°N latitude region, as that is
close to the latitude of Palestine, Texas, the site of many bal-
loon launches and a representative mid-latitude area. We will
also consider one representative tropical latitude (5°N) and
one near-polar (65°N) latitude.

Contour diagrams showing zonal monthly averaged mixing
ratios of OH, HO,, H,0,, and HO,NO, are shown in Figure
1 for the months of December and March. Considering both
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CONCENTRATIONS (ppbv)
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Fig. 1. Contour plots showing latitude-altitude calculated distribution of daytime OH (top row), HO, (second row),
H,0, (third row), and HO,NO, (fourth row) mixing ratios plotted in ppbv for the months of December (left column) and
March (right column). No data are plotted for December above 65°N because this corresponds to the polar night region.
Contours for OH and HO, are drawn at values A x 10f ppbv where 4 = 2,4, 6,8, 10 and E = —3, —2, — 1. Contours for
H,0, and HO,NO, are drawn every 0.03 and 0.05 ppbv, respectively.
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UNCERTAINTIES
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Fig. 2. Contour plots showing calculated uncertainties in inferred OH, HO,, H,0,, and HO,NO, concentrations.
Plots are arranged as are those of concentration in Figure 1. Contour intervals are 0.1 for OH and HO,, 0.5 for H,0,,

and 0.2 for HO,NO,.
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Fig. 3. Altitude-mixing ratio plots for inferred amounts of OH (first column), HO, (second column), H,O, (third
column), and HO,NO, (fourth column) for the latitudes 5°N (top row), 35°N (middle row), and 65°N (bottom row).
Individual curves are labeled only for 65°N. Letters represent first letters of corresponding months. March and May are

designated as Mr and My, respectively.

hemispheres, these 2 months cover all four seasons (northern
hemisphere winter and spring, southern hemisphere fall and
summer). The corresponding uncertainties are shown in
Figure 2. We will compare the inferred concentrations in these
species to available data and two-dimensional models in the
discussion section which follows.

Altitude dependence of the inferred concentrations is shown
in Figure 3, in which we consider the latitudes 5°, 35°, and
65°N. A number of features are apparent from Figure 3. First,
each species has a different and characteristic altitude depen-
dence, which, in general, does not vary enormously from one
month to the next. Second, seasonal dependence is least at

H,0, HO,NO,
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-
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1.0 20

UNCERTAINTY FACTOR (u}

Fig. 4. Plots of total uncertainties as a function of altitude for OH, HO,, H,0,, and HO,NO, for 35°N. Plots are
arranged as are those in Figure 3.
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Fig. 5. Plots of mixing ratios (left column) and total uncertainties (right column) for OH (top row), HO, (second row),
H,0, (third row), and HO,NO, (fourth row) at the pressure levels indicated. Curves are lettered as in Figure 4.
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Fig. 6. Plots of mixing ratios at 35° as a function of month for,
reading down, OH, HO,, H,0,, and HO,NO,. Line types corre-
spond to the pressure levels centered about the values indicated: 21.8
mbar (dashed line), 9.28 mbar (solid line), 5.26 mbar (dotted line), and
2.24 mbar (dashed-dotted line). Data plotted from May to November
on the northern hemisphere (NH) abscissa are southern hemisphere
(SH) values displaced by 6 months as described in the text. Error bars
indicated for OH and HO, correspond to total uncertainties. Note
that OH and HO, plots have logarithmic ordinates.
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5°N and largest at 65°N. Third, OH is seen to have the least
month-to-month variability in the tropics and mid-latitudes,
while H,O, is seen to have the largest, Uncertainties for these
species are plotted as a function of height for 35°N in Figure
4, and as with the concentrations, each species not only has a
reasonably different and characteristic profile, but also the
monthly variability in the uncertainty is smallest for OH.

Some measure of the monthly variation in the latitude de-
pendence of the inferred concentrations and their uncertainties
may be seen in Figure 5, in which the concentrations and
uncertainties are plotted as a function of latitude for each
month. Plots for H,0, and HO,NO, are for pressure levels
close to those at which each species reaches its maximum
mixing ratio (see Figure 1). Focusing on the concentrations
(left-hand side of Figure 5), we see several important features.
First, each species displays its own characteristic shape.
Second, there is a very apparent seasonal shift in the profiles
of all the species in that they tend to have higher values in
regions of greater sunlight (for example, southern hemisphere
summer) than they do in the more,dimly lit regions. Third, for
most of the species (least so for OH), as one approaches the
terminator, there are dramatic reductions in the concentration
of the inferred species. Since the photochemical equilibrium
approximation used begins to break down in these regions,
the exact magnitude of the falloff may not be correctly repre-
sented.

Comparing the concentration and uncertainty plots in
Figure 5, one sees three major features of interest. First, in
mid-latitudes the uncertainties vary much less rapidly with
latitude than do the concentrations, especially for H,0O, and
HO,NQ,. Second, as one approaches the terminator, uncer-
tainties get larger while the concentrations become small.
Third, in mid-latitudes, again primarily for H,0, and
HO,NO,, there is considerably less monthly variation in the
uncertainties than there is in the concentrations.

To further consider the annual variation of these species at
mid-latitudes (35°), we plot their concentrations as a function
of month of the year in Figure 6. We show the pressure levels
centered at 21.8, 9.28, 5.26, and 2.24 mbar, respectively. Since
there are only 7 months of LIMS data, we fill in the missing
months by using 35°N and 35°S data together, assuming that
35°S November data can be treated as 35°N May data, and
keeping this 6-month phase difference for all 7 months of data.
This treatment will lead to two data points for May and No-
vember, and the difference between the two different values in
each of those months may be indicative of differences between
the northern and southern hemispheres or of errors in the
model input. Error bars, corresponding to the total uncer-
tainties, are shown for OH and HO, in Figure 6 for 4 months
for each of the pressure levels. Uncertainties in the four species
are plotted in Figure 7 in a manner similar to that in which
the concentrations were plotted in Figure 6.

The major features of interest in Figure 6 and 7 are as
follows. First, we see for all species a late spring-summertime
concentration or mixing ratio maximum, although this is
somewhat weaker for OH than it is for the other species. This
variation is, in general, smaller than the uncertainty in the
inferred values, however. Second, for some species and alti-
tudes we see a sizable difference between the 35°N May and
35°S November values. In general, the difference between the
35°N November and 35°S May values are smaller. In spite of
these differences the seasonal behavior remains clear. Third,
we see a considerably smaller variation in the total uncer-
tainties than we do in the concentrations. This is especially
true for HO, at the 9.28- and 5.26-mbar pressure levels.
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Fig. 7. Plots of uncertainties at 35° latitude as a function of month for, reading down, HO,, H,0,, and HO,NO,. Line
types and significance are as in Figure 6.

4. DISCUSSION

In this section we will compare the inferred concentrations
of OH, HO,, H,0,, and HO,NO, with available observa-
tional data as well as the results of two-dimensional models.
We are particularly interested in the overlap, if any, of the
inferred concentrations, taking into account their estimated
uncertainties, and the observed concentrations, also taking
into account their uncertainties. We will also comment on the
variation of the uncertainties with latitude and time and the
.difference between their variation and that of the inferred con-
centrations. We first consider the available observations and
then examine some of the more recent and comprehensive
two-dimensional photochemical models.

Comparison With Observations

The data base of observations of concentrations of OH,
HO,, H,0,, and HO,NO, is very limited, with the greatest

amount of information being available for OH and the least
being available for HO,NO, [WMO, 1982]. As mentioned
earlier, the best studied latitude range is 30°—40°N, as Pal-
estine, Texas, the launching point for most American balloon
flights, is at 32°N. Balloon-borne experiments launched from
Palestine have been used for the detection of OH [Anderson,
1976, 1980; Heaps and McGee, 1983, 1985], HO, [ Anderson et
al.,, 1981], and H,0, [Waters et al., 1981; Chance and Traub,
1984]. For this reason, in comparing our inferred con-
centrations for OH and HO, with observed ones, we will, in
general, plot our 35°N data; to further simplify such compari-
son plots, we will plot only the March data, as these should be
in the middle of the annual range of concentrations (see
Figure 6). Lines showing the monthly averaged concentration
and this value multiplied and divided by the calculated uncer-
tainties are also shown. Such plots are presented for OH in
Figure 8, HO, in Figure 9, H,0O, in Figure 10 (since the only
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( x 2) before plotting to account for diurnal effects [WMO, 1

observation of H,0, plotted in Figure 10 is for January, we
plot the inferred monthly averaged value for that month).
There is appreciable scatter in the OH measurements, as
may be seen from the data points plotted in Figure 8. Some of
the scatter could be due to differences in [OH] over the course

982].

of a year, but the general absence of any systematic difference
suggests that local short-term variability and/or experimental
uncertainty may be responsible for the scatter. The estimated
uncertainty (30%) in the measurements of Anderson [1976,
1980] is not sufficiently large to account for the nearly fivefold
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versus height for 35°N in March. Solid and dashed lines are

concentrations and uncertainty limits, respectively, as described in the caption for Figure 8. Symbols correspond to
observations noted with the abbreviations A for Anderson et al. [1981] and M for Mihelcic et al. [1978]. Note that the
latter measurement is from 53°N and has beer multiplied by two (x2) before plotting to account for diurnal effects

[WMO, 1982].
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difference between the two 37 km data of Anderson shown in
Figure 8. In general, the uncertainty in the measurements is
sufficiently large, however, that there is appreciable overlap of
the allowable range of inferred OH concentrations with that
of the error bars associated with the observations. There is
considerably less overlap with the data of Heaps and McGee
[1983], however. They quote a value of (4.9 + 6.4) x 10°
cm~? for [OH] using their direct method for the local time
1347-1410 CDT in the altitude range from 34 to 36 km. In
examining the data of Heaps and McGee [1983], one must
allow for the diurnal variation in OH, as the observations
were made somewhat after local noon (1347-1534 local time)
and should thus be somewhat smaller than the corresponding
local noon values such as have been inferred here [Fabian et
al., 1982].

The more recent data of Heaps and McGee [1985] (convert-
ed to mixing ratios for plotting by using number densities
from the U.S. Standard Atmospheres, 1976) lead to higher
values of [OH] than their earlier measurements but are still
somewhat below the values inferred here. The error estimates
for their later results are much smaller than their earlier ones
(approximately +0.5 x 10° cm~3 for the later data). Since
these data are from late October, when [OH] is expected to
be slightly lower than in March, some of the difference may be
due to seasonal effects.

There have also been numerous measurements of the total
atmospheric OH column measured from the ground by study-
ing the resonance absorption of sunlight by OH [Burnett,
1976; Burnett and Burnett, 1981, 1982, 1984]. These measure-
ments suggest that the total OH column is of the order of
5.7 x 10'* cm~2 with an uncertainty of 25% at midday at
40°N [WMO, 1982]. A direct comparison of these OH
column measurements with those which may be obtained from
the individual OH measurements presented here should be
made with extreme caution, as the total atmospheric OH
column should contain a major contribution from meso-

spheric OH and a minor (perhaps negligible) one from tropo-
spheric OH. Allen et al. [1981, 1984], in their one-dimensional
photochemical modeling studies, estimated OH con-
centrations which lead to a mesospheric column of some 3
x 10!3 cm~2, corresponding to nearly one half of the ex-
pected total column. A tropospheric column not appreciably
above 3 x 10'2 ¢cm™? at mid-latitudes may be inferred from
the OH concentrations obtained by Crutzen and Gidel [1983]
in their two-dimensional tropospheric photochemical model.

From the calculations performed here, we can obtain ap-
proximate OH columns for the altitude region from 14.9 to
46.4 km, which corresponds to the centers of pressure levels
8-24 of the Goddard two-dimensional diabatic circulation
model [Guthrie et al.,, 1984a]. These are plotted as a function
of the solar zenith angle y in Figure 11, as good correlations
have been observed between these two quantities [Burnett and
Burnett, 1981, 1982, 1984]. The data plotted in Figure 11 do
not precisely correspond to that of Burnett and Burnett, how-
ever, as they observed OH at one fixed latitude and achieved
their solar zenith angle variation by allowing for changes in
day and local time, while our data are for a variety of latitudes
and days but are all for a local time of noon. Only solar zenith
angles smaller than 63° are shown, as at larger angles the
assumption of local noon in calculating photolysis rates be-
comes less appropriate due to the fact that the LIMS viewing
time does not precisely correspond to local noon.

The general features of OH versus sec y in Figure 11 are
similar in the works of Burnett and Burnett [1981, 1984]
except that there is perhaps less of a cusp at y =1 in our
figure than they obtained. There also appears to be some
systematic difference between the northern hemisphere results
for November through January and those of other months.
This difference is considerably smaller than the uncertainty in
the inferred OH column, however. The total amount of OH
seen is somewhat over half the composite value of 6.9 x 10'3
cm~ 2 inferred from in situ measurements [WMO, 1982] (a
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slightly larger value would be expected at 35°N). Thus the OH
column inferred here for the major portion of the stratosphere
is compatible with the total OH column abundance measure-
ments of Burnett and Burnett [1981, 1982, 1984] and that
inferred from the in situ measurements [WMO, 1982].

There is somewhat less agreement between the HO, con-
centrations inferred here and the available observational data
than there is for OH, as may be seen from Figure 9. With
some exceptions, the [HO,] observations of Anderson et al.
[1981] are considerably above the values inferred here, al-
though the uncertainty in the measurements (45%) is suf-
ficiently large that many of the error bars will overlap the
concentration range permitted by the uncertainties in the in-
ferred species’ concentrations. The uncertainty in the measure-
ment of Mihelcic et al. [1978] is very large (factor of 3) and
thus has substantial overlap with the concentration range
shown in Figure 9. Since their data are for 53°N in August,
comparison with 35°N in March is probably reasonable, as
the expected decrease in HO, with latitude (see Figure 1)
should be at least partially offset by the expected higher value
of HO, in August than in March (see Figure 6).

Recently, de Zafra et al. [1984] presented results of a
millimeter-wave measurement of stratospheric HO, at 19.5°N
in September and October 1982. While they did not invert
their results to produce an HO, profile, they do show that the
high HO, values measured by Anderson et al. [1981], when
combined with upper stratospheric and mesospheric HO, de-
termined in photochemical model calculations, would lead to
line shapes and intensities different from those measured. Be-
cause of the relative insensitivity of their technique to HO,
below 35 km, this is not a strong conclusion, however. Never-
theless, their apparent indication that lower values of mid-
stratospheric (30-35 km) HO, than were measured by Ander-
son et al. [1981] are required is consistent with the HO, pro-
files inferred here.

For H,O, the only published measurements are those of

Waters et al. [1981] and of Chance and Traub [1984]. The
latter authors also cite deZafra et al. (unpublished manuscript,
1983). Waters et al. [1981] determined an approximate mixing
ratio of 1.1 ppbv for H,0, near 32 km at 32°N in February
1981. This is substantially above the values (0.15-0.2 ppbv)
inferred here, even allowing for the estimated factor of 3.5
uncertainty (see Figure 4).

Chance and Traub [1984] measured appreciably smaller
values in January 1983, also at 32°N. They determined upper
limits for [H,0,] below 0.1 ppbv below 32 km; their highest
upper limit was 0.52 ppbv at 38 km. They note that the shape
of their upper limit profile may be more a reflection of the
sensitivity of their technique than it is of the actual strato-
spheric H,0, profile. Their upper limits are quite compatible
with the concentrations and uncertainties inferred here.

Chance and Traub [1984] also reference millimeter-wave
measurements of R. L. de Zafra et al. (unpublished data, 1983)
(as cited by Chance and Traub [1984]) from May to June
1983, which are indicative of a mean mixing ratio of 0.4-0.6
ppbv above 30 km. These latter results compare favorably
with those inferred here from LIMS data. The much larger
values observed by de Zafra et al. should be due mainly to the
large increase in H,0, expected as one approaches the
summer solstice (see Figure 6), with a minor contribution due
to the expected increase as one goes from the 32°N latitude of
Palestine, Texas, to the 19.5°N latitude of Mauna Kea,
Hawaii, from where the millimeter-wave measurements were
made.

As indicated earlier, the only published observation of
HO,NO, is an upper limit of 0.4 ppbv by Murcray and co-
workers reported by NASA [1979]. While some of our in-
ferred concentrations are greater than this, they are at alti-
tudes considerably below the 40 km altitude at which the
infrared spectrum used to obtain this upper limit was taken.
Their technique did observe lower levels, however, but the
difficulties expected in the observations should not necessarily
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cause one to reject our higher values as being incompatible
with the cited upper limit.

Comparison With Photochemical Models

There are several two-dimensional models with which re-
sults might be compared. These differ in their treatment of
dynamics and chemistry, although those of the latter are usu-
ally due to a different choice of standard reaction rates, i.e.,
WMO [1982] used by Ko et al. [1984] and DeMore et al.
[1981] used by Miller et al. [1981] and by Garcia and Solo-
mon [1983] and Solomon and Garcia [1983]. We note that
each of these have a few different reaction rates, mainly for
HO, reactions, from the DeMore et al. [1983] rates used here.
Because of the somewhat greater availability of OH and HO,
observational data and of previous work comparing their con-
centrations inferred from LIMS data with observations [Jack-
man et al., 1985a; Pyle and Zavody, 1985; KJ], we will restrict
the comparison of model and inferred results to the species
H,0, and HO,NO,. Unfortunately, Ko et al. [1984] in re-
porting the results of their two-dimensional modeling project
do not present results for these species, so we are forced to
compare our results with the earlier models cited above.

Miller et al. [1981] obtained a maximum mixing ratio of
near 0.4 ppbv for H,0, in April occurring over the equator
near 30 km. Our calculations yielded an April maximum of
0.55 ppbv, also near 30 km above the 0°-10°N latitude region.
Miller et al. [1981] also noted that at 20 km they calculated
H,O0, to be present at less than 0.1 ppbv for all latitudes and
seasons. This is entirely consistent with our results (see Figure
1), even with the very large uncertainty (factor of 7) we esti-
mate for H,O, at the 20-km level.

Garcia and Solomon [1983] presented results for H,O, close
to the winter solstice. They obtained a maximim H,0, con-
centration of between 3 x 10® and 1 x 10° cm™3 near 30 km
from 0° to 40°S. At the 32 km, 32°N measurement location of
Waters et al. [1981], they calculated a winter solstice mixing
ratio of 0.3 ppbv, considerably below the 1.1 ppbv found by
Waters et al. [1981] in February and somewhat above the
0.10-0.15 ppbv values inferred here.

Connell et al. [1985] have noted that extremely large varia-
bility in stratospheric H,0, (a factor of 4-5) may be expected
based on the variation of O,, H,0, NO,, NO, and HNO,.
With the exception of NO, these are the LIMS observables;
NO may be simply calculated given the LIMS NO,, O,, and
T fields. Thus it is probably unwise to stress any one measure-
ment very much, as it may not be a reflection of the “average”
atmosphere. The large variability they infer is intimately relat-
ed to the large uncertainty we calculate, as both require large
sensitivity coefficients.

Somewhat less attention has been given to the distribution
of HO,NO, in the atmosphere. Miller et al. [1981] calculated
maximum mixing ratios of approximately 1 ppbv occurring
uniformly over latitude at an altitude of 30 km. We inferred
peak mixing ratios of the order of 0.6-0.8 ppbv, occurring
primarily in mid-latitudes, although the latitude dependence is
fairly weak away from the poles, at altitudes between 25 and
30 km. Solomon and Garcia [1983] displayed curves of con-
centrations of calculated HO,NO, profiles at 32°N and 54°N
for winter solstice conditions. Their peak values, correspond-
ing to mixing ratios of 0.75-0.8 ppbv at 32°N and 0.5 ppbv at
54°N, are somewhat greater than our December values. Some
of the difference is undoubtedly due to their use of the slow
DeMare et al. [1981] value for koy+no,no, Of 8 X 10712 cm®
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molecule ™! s~ 1, while we used the faster DeMore et al. [1983]
value of 1.3 x 1072 exp (380/T) cm® molecule* s~ !. Near
25 km, this newer rate is a factor of 9 higher than the older
one. Lower values of HO,NO, have been inferred in the one-
dimensional model of Connell et al. [1985], which uses the
newer rate for koy + yo,No,-

Thus, in general, the inferred concentrations of H,O, and
HO,NO, are consistent with the results of some recent two-
dimensional models, especially considering the large uncer-
tainties in the model input parameters.

Uncertainties and Their Variation
With Latitude and Season

The magnitude of the uncertainties u;, in general, decreases
in the order uy,o, > Uyo,No, > Uno, > oy (see Figure 4), al-
though in the upper stratosphere, uyo, and uoy are equivalent,
as are Uyo,no, and uyg, in the lower stratosphere. The origins
of the differing altitude behavior of ugy and uy,, have been
discussed in some detail in our previous work (KJ) and may
be briefly summarized by noting that HO, is extremely sensi-
tive to O; and NO, in the lower stratosphere, while OH is
not, and that NO,, in particular, has very large uncertainties
in the lower stratosphere. Also, the low temperatures in the
lower stratosphere lead to larger uncertainties in the reaction
rates than in the warmer, upper stratosphere.

The very large uncertainty in H,0O, is due mainly to the fact
that sensitivity coefficients for H,O, are twice as large as
those for HO,. This occurs because of the logarithmic nature
of the sensitivity coefficients. Neglecting the reaction

OH + H,0,—~ H,0 + HO, 21)
one has
[H,0,] = k,3[HO,1%*/J 22)
where k,; and J,, are the rates of the processes
2HO,— H,0, + 0O, (23)
and
H,0, + hv— 20H (29
respectively. Thus one sees
In[H,0,]=2In[HO,] +Inky3 —In J,, (2%)

so the logarithmic derivatives of H,QO, should be twice those
of HO, with respect to the corresponding input parameter. In
calculating uncertainties by (20), we see that on replacing all
§;; by 28, ;, the corresponding uncertainty ; is replaced by its
square. This dependence may be seen by comparison of uy,
and uy,o, in Figure 3 or in Figure 4.

The uncertainty of HO,NQO, is larger than that of HO,
through most of the stratosphere because of its large sensitivi-
ty to the reactions which produce and destroy HO,NO,
(kon+H0;N0» Kuo, +N0,+M» JHO.NO,)» @ll of which have fairly
large uncertainties [DeMore et al, 1983]. The near equiva-
lence of uye, and uye,no, in the lower stratosphere is due
mainly to the fact that for this model, [HO,NO,] is relatively
independent of [NO,] in the lower stratosphere because
[HO,] and [NO,] are themselves inversely proportional. This
inverse proportionality occurs because the major stratospheric
loss process for HO, is (equation (10))

HO, + NO— OH + NO,
where NO is proportional to NO, for a given NO, con-
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centration. Thus HO,NO, formation becomes the product of
a term inversely proportional to NO, and of NO, itself, so
that it becomes essentially NO, independent. In the lower
stratosphere, then, the large uncertainty in NO, becomes un-
important. As one goes to higher altitudes and O + HO,—
OH + O, becomes an important loss process for HO,, the
dependence of [HO,] on [NQO,] becomes less than an inverse
one, and the uncertainty in NO, begins to contribute to the
HO,;NO, uncertainty. Thus, in the mid-stratosphere,
U10,N0; = UHo,

One of the more interesting results to come from this study
is the fact that the calculated uncertainties have considerably
less variation with latitude and, to a lesser extent, season than
do the concentrations. This may be seen very clearly for lati-
tudinal variation in Figure 4, where in the tropics and mid-
latitudes there is little if any latitude dependence for uncer-
tainties, while there is substantial dependence for con-
centrations. Latitude dependence becomes important only as
one gets close to the poles, especially the winter pole. Thus for
mid-latitudes one may assume latitude and season indepen-
dent uncertainties away from the winter pole without appreci-
able error. Close to the terminator, where uncertainties
become large, the photochemical equilibrium approximation
used becomes less appropriate, and the results are expected to
be at best qualitatively correct, anyhow.

Uncertainties are derived from two types of quantities: sen-
sitivity coefficients calculated with the algebraic photo-
chemical equilibrium model and model input parameter un-
certainties supplied with the input data. Since the latter are
just a set of constants (we assume the uncertainty in the input
concentrations to vary only with altitude and not with lati-
tude or season), the relative constancy of the uncertainties
reflects relative constancy of the sensitivity coefficients. Thus
tables of sensitivity coefficients, such as those shown in our
previous work (KJ), should not change appreciably over the
year. This will simplify the use of sensitivity coefficients to
study short-term and local variability of inferred species con-
centrations, as one essentially needs to consider only the
variability of the model input; a table of sensitivity coefficients
which vary only with altitude may be used for all mid-latitude
locations over all seasons.

5. CONCLUSIONS

We have shown that zonally and monthly averaged LIMS
data and our algebraic photochemical equilibrium model de-
scribed previously (KJ) can be used to infer concentrations of
the odd hydrogen species OH, HO,, H,0,, and HO,NO, as
a function of altitude, latitude, and season. By comparing the
inferred concentrations together with their uncertainties with
observed distributions of OH, we see that with the exception
of the early OH observations of Heaps and McGee [1983], the
inferred OH concentration and the measured values appear to
be compatible. For HO,, however, the inferred values in the
30-35 km range are appreciably lower than the values mea-
sured by Anderson et al. [1981]. For H,0, the inferred values
are quite consistent with recent measurements of Chance and
Traub [1984], although they are substantially below those of
Waters et al. [1981]. Since the latter obtained values which
are above those of the other observations and of most models,
that difference is not especially surprising. For HO,;NO, the
maximum mixing ratios calculated are all below 1 ppbv, al-
though values greater than the one measured upper limit of
0.4 ppbv were calculated. We have demonstrated the expected
variation of these quantities with latitude, altitude, and season
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and shown that at mid-latitudes, where most observations
have been made, they are expected to maximize in the
summer.

Uncertainties are found to decrease in the order uy,q, >
Uno,Nn0, > Uno, > Uon although in the upper stratosphere uyo,
and ugy are roughly equal, as are tyo,ng, and uye, in the
lower stratosphere. The variation of the uncertainties with lat-
itude and season is, in general, substantially smaller than that
of the concentrations. Their variation with latitude is fre-
quently systematic of variations in important chemical pro-
cesses with altitude.

The algebraic nature of the model allows one to easily see
to first order the effect of variation of any model input param-
eter (concentration, rate coefficient, uncertainty) or its uncer-
tainty on the inferred concentration of the HO, species and
their uncertainties. Such relationships may prove useful in the
planning of future field and laboratory measurements. The
sensitivity coefficients, as described earlier, not only are helpful
in intuitively understanding the chemistry of the stratosphere
but should prove to be very useful in studying the short-term
and local variability of inferred species concentrations.
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